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RESEARCH MEMORANDUM

LOW-SFPEED CHARACTERISTICS OF A 45° SWEPT WING
WITH LEADING-EDGE INLETS

By Robert E. Dannenberg
SUMMARY

‘An investigation was conducted to determine the low—speed asrody—
namic characteristics of a 45° swept wing with leading-edge inlets.
The wing had a constant chord and completely spanned the wind tunnel.
The inlets extended over approximeately the central third of the span of
the wing and the height of the entrance was varied from 15 to 50 per—
cent of the maximum thickness of the wing. Pressure—distribution and
wake—survey meagsurements were obtalined for the wing with various inlet
shapes.

The wing with en inlet was found to possess section characteris—
tlcs which were, In genersl, similsr to those of the comparable plain
swept wing for only & small range of positive angles of attack. Within
this range, the losses of ram pressure wlthin the Inlets were small. At
some positive angle of attack a reglon of separated flow developed on
the upper surface of the ducted section of the wing near the leading
edge. With flow separation, the 1ift generally was Increased over the
span of the 1nlet and was decreased over the span of the wlng down-—
stream of the Inlet.

INTRODUCTION

The information avellable In regard to the proper shape for an alr
inlet opening on a swept wing is meager; the date that are available
consist of the results of tests to develop alr inlets for speclfic
uses. One study, described In reference 1, consisted of tests of var—
ious shape openings on a wing with the leading-edge line swept 40°,
These tests were made only far an angle of attack of 0°. Other applica—
tions were designed far ram—Jet lnstellations 1n which ths Inlets
extended along the full span of the wings (references 2 and 3).

" PERWANENT

b
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An Investlgation of a method, employing a lofting technique, for
the design of leading-edge inlets in unswept wings was reported in
reference 4. A wing with inlets designed by this method was found to
posaess satlsfactory 1ift, drag, and pressure—dlstribution characteris—
tics.

Thle report presents the results of an Investigatlion of the effects
accompanying the addition of various leadling-edge Inlets to a wing set
obliquely to the free—stream direction. Several of the inlet profiles
tested were geometrically similar to those tested on the unswept wing as
reported in reference k.

In order to meke the present Investligation comparable with that of
reference 4 the leading-edge inlets were fitted to a comstant—chord
wing having the same section normel to the leadling edge, but with the
leading edge swept 45°, The swept wing was mounted across ome of the
Ames T- by 10-foot wind tunnels as the expsrimental results 1ln reference
5 had Indlcated that the flow over the central portion of the span of
the plain swept wing satisfactorily approximated the flow about a yawed
wing of Infinite span as glven by simple sweep theory.

SYMBOLS AND COEFFICIERTS

The symbols which indicate the geometric propertiss of the plain
and ducted airfoll sectlons are shown in flgure l. All geometric dimen—
gions are 1In percent of the chord. Force and moment coefflcilents are
based on the chord in the stream dlrection.

a distance from origin of upper—lip ‘leading-edgs
radius to chord line

A entrance area, corresponding to span of the Inlet times the
inlet-entrance height (d), square feet

b distance from origin of lower-lip leading-edge
radiue to chord line

cq oexternal wake drag coefficient

cy . sectlion 1ift coefflcilent

Cm section pitching—mmnent coefficlent about the qua.rter—
chord point :

d inlet-entrance helght

H total pressure, pounds per sguare foot



NACA RM ADIE29 3

AH decrement in total pressurs, pounds per sguare foot

Hi—po

ram-recovery ratio
Hovo

ki, k2 1Interference factars

P static pressure, pounds per square foot
P pressurs cogfflcient (p_z_—_&,)
Qo
q dynamic pressure, pounds per squars foot
r 1lip radius
t maximum thickness of alirfoil seciion
v veloclty, feet per second
Vi
e inlet—veloclty ratio
Yo
x distance along chord measured perpendicularly from
leading edge
¥ ordinate of sectlon measured perpendicularly from the
chord line
a angle of attack In streamwlse plane, degrees
(] stagger of inlet opening measured in a plane perpendicular to
the leading edge, (acute angle between line normsl to chord
line and line Joining the orlgins of the upper— and lower—lip
radii), degrees
Subscripts
o] free—stream
1 local

u uncorrected
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1 in duct inlet at rake station (5 percent of the chord
behind the leading edge)

MODET: AND APPARATUS

A sketch of the model Installation and of a typical section
through the central portion of the model are shown in Ffigure 1.

The model was & constant-chord wing swept 45° and extended from
slde wall to side well of the wind tunnel as ehown in filgure 2.
Sections perpendicular to the leading edge of the plain wilng were the
RACA 631—012 with a chord of 2.5 feet. Coordinates for the NACA 631—012
section are given in reference 6. The axis of rotaticn for angle—of—
attack changes was perpendicular to the streem direction and crossed the
chord line of the midspan statlion of the wing at 35 percent of the
chord. A removable inlet occupied the central portion of the span.

The leading—edge inlets Investigated on the wing are illustrated
in table I and the coordinates of the lips are tabulated in table IT,
The entrance heights varied from 0.1l5 to 0.50 of the meaximum thickness
of the alrfoil. The profiles shown in table I are those perpendicular
to the leading edge of the wing. The shape of the airfoll behind its
maximum thickness remained unchanged. The inlet profiles and the means
of fairing the inlets into the solid wing in the spanwise direction
were determined, with some modification, according to the desilgn method
discussed in reference 4. No attempt was made to simulate an sircraft
internal-duct system insofar as the inner-surface coordinates were con—
coerned. :

Alr was drawn through the inlets into the hollow spar in the wing
and then through a ducting system by a compreseor outside the test
chamber. The quantlty of alr flowing through each inlet was calculated
from the pressure drop across a calibrated orifice plate. For the
large inlets, the maxlimum value of inlet velocity was limited by the
output of the compressor so that in order to obtaln an inlet—velocity
ratio of 0.8, the spanwise length of the higher openings was reduced
from 40 percent of the span to 24 percent of the span. The entrance
areas In the iInlets are glven in the following table:

d/t 0.15 0.20 0.25 0.35 0.50

.18 24 .30 25 .36

A
(sq f£t)

Bench tests of a model simulating the internal duct system
(fige 3) indicated that the inlet velocity would not be uniform across
the span of the opening unless gulde vanes were used within the duct to
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proportion the flow properly. The vane arrengement that provided the
best distributlon of flow at the lnliet and that which was used for the
wind—tunnel tests 1s shown in figure 3. A ecresen was also placed at
the entrance to the spar (fig. 1(b)}) to lmprove further the entrance
flow distribution.

The pressure distributions over the upper and lower surfaces of the
wing were determined by means of flush orifices distributed over ths
surface of the modsl as indicated in figure 4. The pressure distribu—
tions over the Inner surfaces of the Inlet lipe were measured at the
midspan by flush orifices 0.5, 1.25, and 2.5 percent of the chord from
the leading edges of the upper and lower lipa.

The inlet pressure losses were measured by means of rakes of total—
pressure tubes 5 percent of the chord behind the leading edge. These
rakes were located at varlous spanwlse stations along the inlet. The
rake tubes were parallel to the chord plane, were alinsd in the direc—
tion of the free stream, and were equally spaced as noted in figure 1(b).
The arithmetic msan of ths pressures Indicated by the individual rake
tubes was used to calculate the ram—recovery ratio.

The lateral devietions of the flow direction In the inlets relative
to the free stream were msasured by means of smsll prong—type direc—
tional pressure rakes. (See fig. 5(a).) The rakes were located neasr
the midspan of the various inlets (52—percent-span station). For one
inlet (d/t of 0.25 with 20° stagger), directional rakes were slso
located on both sldes of ths midspan of the inlet (38 and 60 percent of
the wing span).

The waeke pressures used in calculation of the wake drag wore
measured by a survey rake that was comnected to an integrating manometer.
The tubes of the rake were in a plane psrpendicular to the chord plane
and were alined in the direction of the free stream. The traverse of
the survey rake behind the wing is indlcated in Pigure L.

TESTS

The swept wing with the various inlets i1llustrated in table I
was tested at angles of attack from 0° to 12°., Whenever possible, the
tests were made with & free—stream dynamic pressure of 40 pounds per
square foot, which corresponded to & Mach mumber of 0.16. The Reynolds
number for this dynamic pressure was 3,900,000 based on ths,chord in the
stream direction. In some cases, however, in order to obtain highar
valuss of inlet—veloclty ratio, the dynamic pressure was reduced to 30
pounds per square foot which corresponded to a Reynolds number of
3,400,000. The wake—drag measuremsnts were made at a dynamic pressure
corresponding to a Reynolds number of 6,200,000.
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The sectian 1ift and section piltching-moment coefficlents for the
wing were obtained by integration of the chordwlse pressure—dlstribution
curves., The tunnel-wall correctlion to the angle of attack, applied
according to the methods discussed in reference 5, is given by the fol-
lowlng equation: _ . . -

a,=cx,u+__k.l_i7'_

1l + kzcz

The values of k; and ks along the span of the wing (from reference 5)
are glven in figure 6(a) and the variation of the correction along the
span is given in figure 6(b) as & function of section 1ift coefflcient.

The wake drag coefficlents were calculated from the dlstributioms
of statlc pressure and total-pressure loss through the wake by the
methods discussed in refersnce Te.

With the gulde vanes In the Intermsl duct as shown in flgure 3(b)
and a screen at the spar entrance as shown in figure 1(b), the velocity
at all points in the inlet was wlthin 3 percent of the mean inlet velo—
city-

As the rske tubes used to measure the Inlet pressure losses were
alined in the direction of the free stream, it was necessary to eval-—
uate the effect of the angularity of the flow on the pressures as
indicated by the total—pressure tubes. ' The total-pressure error of the
rake tubes due to changes in the flow directlion shown In Tigure 5(c) was
determined from the results presented iIn reference 8. When the change
of the lateral flow angle with the Inlst-velocity ratlo was considered,
it vas noted that the largest observed error of ram—recovery ratioc was
less than 0.03. Since the correction factors for flow angularity would
be very small, at least at the center of the inlet, the measurements of
ram-recovery ratlo were not corrected for the flow angulerity.

RESULTS AND DISCUSSION

Surface—Pressure Characteristics

Chordwlse digtribution at midspan.,— The chordwise veriations of
the pressure coefflicients over the external surfaces of several of the
ducted alrfoll sectlone are presented in figures T, 8, and 9 for an
inlet—velocity ratioc of 0.8. For small positive angles of attack the
pressure distributlons are of the shape indicated by the salid line in
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the sketch. The type of flocw asso—
ciated with thils pressure dlstribu—
tion i1s termed Mattached flow." At

some positive anglie of attack, a par—
tlal collapse of the pressurs peaks

over the leading edge of the upper
surfaces cccurred, accampanied by the
formation of a reglon of approximately
congtant pressure as Indicated by the
dashed line In the sketch. This latter
type of flow is termed “separated flow."
A summary of the data showing the angles
of attack at which the extermal flow Chord .
separated for the inlets 1llustrated in

table I(a) 1s given in figure 10. A study of the pressure dlstribution
over the plain. wing as reported in reference 5 did not indicate any com—
parsble separation for angles of attack fram 0° to 12°.

It 1s of interest to note that the inlets with stagger encountered
flow separation at smaller angles of abttack than did those without
stagger. The lip radlus and thickness distribution of the upper 1lip of
an inlet having a &/t of 0.20 with 20° stagger were vearied as illus—
trated in teble I(b). The results are given in figure 11. The
incremsed thickness of the upper 1lip with constant lip radius raised the
angles of atteck at which seperation was first indlicated to velues
nearly equal to those for the unsbteggered inlets.

With attached flow over the inlets, the pressure coefficlents on
the forward 15 to 25 percent of the airfoil differed from those over the
plain airfoil (reference 5) in a manner depending on the inlet—veloclty
ratio., Typical pressure distributions for inlet—welocity ratios of
0, Ok, and 1.2 are presented in figure 12{a) for an inlet with a 4/t
of 0.25 and 200 gtagger. The distribution for an Inlet—velocity ratio
of 0.8 is given in figwre T7(b). Values of the minimm pressure coeffi—
clent on the upper surfaces of the varlous inlets for the inlet—
velocity ratlos obtalned in the present test are given in table ITTI.

For positlive angles of attack, the changs in the pressure distrlibu—
tlons over the lower external surfaces due to Inlet—veloclty ratlic was
small and for most englneering purposes the pressure disitrlbution could
be coralsidered unchanged from that presented for an Inlet—veloclity ratio
of 0.8.

Comparlson at equal angles of attack of the pressure distributions
for the inlets with attached flow with those for the plaln airfoil
between approximately 20-percent chord and 60-percent chord revealed
that, in this reglion, the pressure coefflicients behind the inlets wers
less negative than those for the plaln sirfoll for all test values of
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inlet-velocity ratio. From approximately 60—percent chord to the
trailing edge, the pressure distributions remained essentially
unchanged from those of the plain sirfoil. _

The pressures over the Inner surfaces of the inlet lips were
measured by orifices 0.5, 1.25, and 2.5 percent of the chord from the
leading edges of the upper and lower lips. At zero angle of attack the
measured pressures on the lmner surfaces of the upper and lower lips
were essentlally of the same valus. For positlve angles of attack, the
minlmm pressure occurred at 0.5-percent chord on the lower lip with
8lightly Increased pressurss at the two downstream orifices on the lower
lip and over the inner surface of the upper lip. The minimum pressure
coefficients on the inside surfaces of the lower lipse are given in
figure 13 for angles of attack of 0°, 4°, and 8°,

Spanwise distribution.—~ The addition of an Inlet on the swept
wilng resulted in a change In the spanwise distributlions of pressure
compared to those for the plain wing as given in reference 5. The
pressure distributions over the wing adjacent to the ducted portioms of
the wing (i.e., the 27.5~ and T2.5-percent—span stations) as well as
the spanwise distributions along the 5—, 15—, 30—, 50—, and 80-percent—
chord lines, shown in figures li to 16, are representative of those for
the model with the inlets tested in this investigation.

With attached flow over the inlet sectlon, the spanwise distribu—
tion was relatlvely unchanged from the distribution for the plain wing.
However, with the onset of separation, the section load distribution
over the ducted wlng underwent an abrupt change. The load distribution
over the portion of the wing, the leading edge of which was upstream of
the inlet, was effectively unchanged. Over the ducted portion of the
wing the changes in distribution with inlet shape were commensurate
with the deta shown in filgures 7 to 12. In addition, the magnitude ard
the spanwise portion of the minimum pressure coefficient changed with
angle of attack, as exemplified by figures 15(a) and 15(b).

Comparison with results predicted from tests of unswept inlet.—
Simple sweep conslderations Indicate that pressure coefricients For a
swept wing of infinite aspect ratio should vary as the square of the
cosine of the angle of sweep. This was shown to be the case experi—
mentelly in reference 5 for e region over the central half of the span
of the wing without an inlet. In figure 12(b), the measured pressure
distributions over the upper surface of the swept wing having an inlet
with a 4/t of 0.25 and 20° gtagger and the dlstribution computed from
the results for & similar Inlet on the unswept wing are compared at two
angles of attack. The corresponding angle of attack of the unswept
wing was determined from the relation . -

dgwept wing = Qunswept wing X cos 450
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As noted in figure 12(b), the agreement of the computed pressure
coefficients with the measured pressure cosfficients was good for an
angle of attack of 0° except for an Inlet—veloclty ratio of zero ahesd
of about 6-percent chord. For an angle of attack of L.14°, the agree—
ment of the computed values with thse measured values bshind about
20—percent chord wes also good; however, nearsr the leading edge the
measured pressure coefflcients were somewhat less negative than those
predicted by the cosine—squared relationship of slmple sweep thsory.
Within this region neer the leading edge the predicted effect of inlet-
veloclty ratio was approximestely corrsct, but 1t appears that the effect
of angle of attack on the pressure distributlons was not adequately
taken into account by simple sweep conslderations.

The results of tests of inlsts on the unswspt wing reported in
reference 4 indicated that increasing the inlet~velocity ratio
increased the maximm 1ift coefficient until values equal to that of the
plain airfoll were obtalned. Re-examinatlion of these data indlicated
that flow separation near the leadlng edge occurred at an angle of
attack slightly lower than that at whlch the plain wing stalled. For
the unswept wing with an inlet having & d/t of 0.15 and 20° stagger,
separation occurred for angles of attack between 9° and 10° for an
inlet-velocity ratio of O.t and between 11° and 12° for an inlet—
velocity ratio of 0.8. For the similer inlet on the swept wing, the
angles of attack at which separation occurred were 6.7° and 7.5° for
inlet—velocity ratios of O.4 and 0.8, respectively. (See figure 10{a).)
These data would indicate that the corresponding angles of attack for
flow separatlon are given approximately by the cosine relation.

In reference 4, a method 1is presented whereby the effects of
chenges in inlet ordinates, camber, intet—veloclty ratio, and angle of
attack on the veloclty distributlon for an inlet on an unswept wing can
be calculated. (See equation {13) of reference L4.) The local veloci-—
tles are broksn down into various components as is done 1n the case of
airfoils in potential flow (reference 6). To determins whether this
method could be adapted to Inlets on a swept wing, calculations were
made of the velocity distributions over lips 21 and 23 (table I(b)}) for
inlet—velocity ratios of 0, 0.8, and 1.6 using the coordinates end data
for 1ip 9 as a base. The numerical procedure employed was similar to
that discussed in the appendix of reference k.

Computations made for angles of attack wlth attachzd flow over the
Inlets agreed well with the experimental results when the experimental
veloclty distributions from lip 9 were used as the baslc distribution.
Attempts to predict the veloclty distributlon over lips 21 and 23 using
the experimental dsta from the unswept counterpart of lip 9 adjusted
for the effects of sweep did not provide campletely satisfactory agree—
ment,
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Lift and Pitching-Moment Charascteristics

The 1ift characteristics for a section at the midspan of the wing
with various leading-edge Inlets are shown In figure 17. Similar data
for the plain swept wing (obtalned from reference 5) are also shown
for comparison. The 1lift coefficlents were obtained by integration of
the chardwlse pressure—distribution disgrams. Typlcal 1ift curves for
sections on each sids of the ducted portion of the wing (the 27.5— and
T2.5-percent—span stations) are shown in Figure 18, while the pitching-—
moment characteristics at the three stations are given 1n figure 19.

The varlations of section 1ift coeffliclent along the span of the
plain wing without an Inlet are presented in reference 5. The ref-
erence results indicated that the section 1ift coefflcients were rela—
tively constant between the 27.5— and T2.5-percent—epan stations for
glven corrected angles of attack. At a corrected angle of attack of 10°
the section 1lift coefficient at 27.5-percent span was 0.7l and increased
linearly to O.75 at T2.5-percent span. The results of the present
investigation indicate that adding an irnlet to the wing had but a small
effect on the spanwise varlation of 1lift for angles of attack from O°
to 6° or 8°. For higher angles of attack, the lift—curve slope
decreased for sections of the wing downstream of the inlet and at
T2.5-percent span the 1lift was below that of the plain wing as indi-
cated in figure 18. Increasing Inlet—veloclty ratio resulted in
increased 11ft over this portion of the wing and reduced 1ift over the
ducted section of the wing.

There was no psrceptible change 1n the piltching-moment character-
1stics about the one—querter-chord polnt of & section of the wing with
an Inlet compared to that of the plaln swept wing.

Wake—Drag Characteristics

Assoclated with the onset of flow separation over the upper
surface of the ducted portion of the wing there was an abrupt changs in
the dreg characteristice as computed from wake—survey measurements.
The change in drag was characterlzed by changes in the slze and shape of
the weke. For positive angles of attack less than those for which sepa~—
ration occurred, the total pressure through the wake varied in a manner
simllar to a cosine—squared curve. When flow separation occurred, the
wake wildth increased and the maximum pressure loss decreased, although
the integrated pressure loss, and hence the drag, increased. The span—
wise variations of the wake drag coefficlents for four wing—inlet com—
binations are shown in figures 20 through 23. Wilth attached flow, the
wvake drags decreased with increasing inlet-velocity ratio.
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The increase in wake drag of the entlve wing panel due to the
addition of an inlet was obtained by integreting over the span of tihe
survey the increment in local wake drag due to the Inlet. For an
inlet—velocity ratloc of 0.8, the addition of the inlet noted in
figure 20 resulted ln a camputed increment of drag coefficient based on
the wing area of 0.0001 and 0.0003 for uncorrected angles of atitack of
0° and 5°, respectively. With zero inlet—velocity ratio and for 0°
angle of attack the Increment was 0.0010. ZFrom inspsction of figures 21
to 23 it is apparent that the drag lncrement Increased slightly as the
iniet height was Increased.

Internal-Flow Characteristics

The local ram-recovery ratlos for three inlets having 4/t ratlos
of 0.20, 0.35, and 0.50 with the lips staggered 20° are shown as
functions of the angle of attack in figure 24. The angle—of-attack
range for high ram—recovery ratio was small. The reduction in the ram—
recovery ratlo for the higher angles of attack apparently was dus to
flow separatlon from the inner surface of the lower lip.

Tests with several Inlets Indicated that the directlon of the flow
at the inlet was approximately parallel to the leading edge of the wing
at zero inlet-velocity ratio. As the Inlet—veloclty ratlo increased up
to 1.2, the flow direction approached that of the free stream as shown
in figure 5(b). The shaded area in figure 5(b) represents the range of
flow angles cbtained for positive angles of attack with attached flow
over the inner surface of the lowsr lips. No systematic varlation in
the flow dlrsction with inlet geometry was noted.

CONCLUDING REMARKS a

The results of an Investigation of Inlets instelled in the leading
edge of a 450 swept wing having the NACA 63 —012 section perpendicular
to the leadling edge indlcated the following. .

At soms positive angle of attack, the flow over the ducted portion
of the wing was characterlzed by the pressure pesk over the leading
ed.ge of the upper lip being replaced by a region of approximately con—
gtant pressure. As the angle of attack was increased, the congtant—
pressure region extended over a larger portion of the chord. This flow
separation was delayed to higher angles of attack by decreaslng the
entrance-height ratic, by increasing the thlckness at the nose of the
upper lip, or by decreasing the stagger.
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The differences in the spanwise variation of 1ift characteristics,
as for the plain wing, were found to be small for positive angles of
attack up to 6° or 8°. At higher angles of attack the flow separated,
and the 1ift generally was increased over the ducted portion of the
wing and was decreased over the portion of the wing downstream of the
inlet.

The spanwise variations in the wake—drag and moment characteristics
of the Inlet section with internal air flow were, in gemeral, small
except where affected by the flow separation.

The angle—of-attack range for high ram-recovery ratio was small.
Flow separation from the inner surfaces of the lower lips apparently
caused a reduction In ram-recovery ratlio for the higher angles of
attacke.

Ames Asronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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TABLE I - CONCLUDED

(b) Modifications to inlet shape 9-I0
(dst , 0.20 with 20° stagger).
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(b) Vane arrangemsnt.

Figure 3.- Bench-test model.
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Figure 4.— Schematic diagram of the arrangement of pressure orifices
and /location of the wake-survey plane.
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(a} Prong—type directional  roke.
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Figure 5.- Direction of air flow and ifs effect on lolal-pressure
error in the inlels.
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